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SUMMARY
) 153%

The conventional treatment of electromagnetic wave propagation
through magnetoplasmas has been critically examined. The assumption that
free electrons oscillate at the same frequency as the disturbing wave is,
in general, not valid for a cold, collisionless plasma. However, the
theory of signal wave propagation is unaltered as the identical dispersion
relation is obtained. The rigorous solution for the particle trajectories
has been shown to imply the existence of a mode of propagation at the
cyclotron frequency driven by the wave at the signal frequency. This type
of wave has been named the "H" (for hybrid) mode. A general dispersion
relation for H waves has been derived. A study of the early afterglow in
nitrogen by a reflection type of microwave measurement has been made. The
electron beam~-plasma interaction study has been concluded with an analysis
of the harmonic content of the linear accelerator beam. This confirms
that there is substantial power in the sixteenth harmonic at 20.8 kmc. The
conclusion of the experiment is that the plasma phenomens stimulated in
previous experiments of this type were insignificant in our experiment and
that the anticipated mechanism of energy leakage from the plasma is a very
weak coupling effect.
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1. Electromagnetic Wave Propagation in Magnetoplasmas.

1.1 Introduction

A critical theoretical and experimental analysis of the conventional
theory of electromagnetic wave propagation in magnetoplasmas is being pur-
sued. Mathematically, we are required to solve for the currents caused by
the wave simultaneously with Maxwell's equations. A first step is thus

the solution of the equation of motion for the electrons,

~ =y 5,°
mr, =—e&p T g€ e Vi Dp (1)
where é:i is the electric field of the wave and ¢ 1s the magnetic field
in which the plasma is immersed.
Now it is conventional to argue that the velocity of the electrons,
VE , has the same time dependence as the electric field of the wave. For

examnple, if we refer back to the earliest discussions, we encounter,

E. V. Appleton, in the Journal of the Institution of Electrical

Engineers, 1932,

" let us assume that all the field vectors are repre-

C (/)Z?—Zx)

sented by expressions containing the factor e "

and

D. R. Hartree, in The Proceedings of the Cambridge Philosophical

bociety, 1931,

1 1t
.

. then, taking the forced oscillations only,
(There follows a set of equations in which the time depend-

R
ence of all quantities is taken as Cf"t )

and, 1f we study a more recent discussion, we discover,



T. H. Stix, in The Theory of Plasma Waves, 1962,

" and since there is no zero order

d(/‘— . —
FE =

thermal motion, "

However, in this case, where the magnetic field is static and
uniform, the equation of motion is readily solved, so that this assumption
is unnecessary. Furthermore, it will be seen that the assumption sub-

merges an important portion of the solution.

This situation has motivated a theoretical and experimental

effort in this laboratory.

1.2 Theory of Electronic Orbits in Magnetoplasmas

A. Conventional Theory.

It is required to solve

mﬁ=_c€,eég‘zg& (1)

where

—_— ’w.t-

. is the electric field of the wave, varying as e
8

[g; is the magnetic field in which the plasma is immersed.

Now the critical assumption takes the form
y (2)
=W
. {

It can now be readily shown that if B is in the x. direction,

3
the (E' are related to the electric field of the wave by

v ! (Y o | &

v (€ ) | —

~ = e Y o 1&g (3)
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Where

<
i
A

and we denote

%E = 52 , the cyclotron frequency.
1

From this point, the dielectric tensor is derived in the

form
S -1iD 0
K.. = iD S 0
1J
O C P
wherc B B
v
S =1 - —ELE ; D= X”2 ; P=1-X
1-Y 1-Y
2
P Ne2
X - ——— = — 2
o me W

and N is the electron number density.

B. Modified Theory

The point of the current effort is, of course, that the
problem can be solved without making the assumption
Gi = fwv,
The rigorous solution to equation (1) is of the form?

Vl(t) = -fluiét;é'ycos mt—cosJLt)+f2§z§:E§ sin(wt+y)

~ S ) .
-f‘2_‘L2_&}2 COS-Qtiﬁg_QEZSE sin .t (5)
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+ v cos bt - v sin St
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Ve(t) = _flﬂj? (2 sin wt-w sin.‘lt)-fgﬁvg‘f@- cos (wt+{)
(6)

w
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v %) =v + f_ coslwt+
3() 3 3 ) (7)
where
o .
El = El sin wt
E, = E, sin (wt+@) = %2 sin wt + E, cos ot
O o~
E_=E sin (wt+ = EKE_sin wt + E. cos wt
3 3 ( ¢) ~3 3
g o) e g (o)
i m i

Now since we desire the orbit of an average particle in an
ensemble, we examine equations (5), (6), and (7) carefully. The only
terms which vary from electron to electron are those involving the
initial conditions, V;)- Therefore, these are the only terms we must
consider in taking an average. This point cannot be overemphasized,
since for an isotropic distribution of initial velocities the initial
condition terms average to zero and we are left with the components
below.

<<§l(tz>= fl.ﬁ?%ZE (cos am—cosjzt)+f2§;§%35 sin (wt+p)

(8)
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J-w

£, cos (wt+g) (10)
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The results expressed by equations (8), (9) and (10) are
extremely important to this discussion. Theyiﬁndicate that the velocity
of an average particle contains components at the cyclotron frequency
that arise only because of the presence of the electric field of the wave,
and are no less coherent than the components at the signal frequency.

To be sure, there is also random motion at the cyclotron frequency, but
it is a function of the initial conditions, which we have already removed.

The final trajectories are apparently strongly dependent upon
the ratio J}%; , but it is not difficult to decide what general form the
orbits take. If we separate the signal and cyclotron frequency compon;

ents, we have

1 i
><,<t) = - ’-iux %Casw't' X, ) T o JLCSSJLT
A IS
Xzét) —J'LZ—QL 3t /w:)t X, &) = _D.\—uz T Su\_ﬂ.t'

Now for the signal frequency components alone

5
X, 2 Xy
ry ry + ’ez/ = {
N Q)

A E

This is the equation of an ellipse with semiaxes and

O (-n.\_ox) _{LL_Q\—
The ellipse is thus oriented along the X, axis for ~QAQ>, and along the
xg axis for '{%< { - We note that the electron moves in the right handed
sense.

The equation for the cyclotron frequency components is

Ao \°
s\ oY)
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which represents a circle with radius _— . The motion is right

(- ot)
handed.

The significant point in this discussion is that in a plasma
excited by a signal wave, the electronic motion which remains after
averaging contains components both at the signal frequency and the cyclo-
tron frequency. This result should be compared with the conventional
theory which allows only for signal frequency motion. We must now con-
sider the significance of the difference.

As a preliminary step, let us examine tThe conventional theory
on a microscopic level. In a collisionless isotropic plasma, we picture
the process as follows: as the wave propagates through the plasma, it
excites electron currents, (or, alternatively, electric dipoles) in the
same direction as its electric field and at the same frequency. This
current, alternating as it does, radiates a sub-wave in the same direction
and at the same frequency. It can be shown that the velocities of the
electrons differ by ninety degrees from the signal wave, and that the sub-
wave is in phase with the electron orbits. The final result is therefore
a phase shift and amplitude modulation of the signal wave.

The problem is only moderately more complicated in an aniso-
tropic plasma. The difference lies in the fact that the electron orbits
need not be in the same direction as the electric field of the signal wave.
Therefore, the sub-wave electric field is probably in a different direction
from the direction of the field that caused it originally. This effect
results in the well known phenomenon of Faraday rotation. The essence is
that, for example, a linearly polarized wave will, besides incurring a

phase shift in passing through the plasma, also generate another wave,



perpendicular to it and at some phase angle from it.

Although this is a somewhat simplified picture, it is a valid
approach to the problem. In fact, the entire theory of plasma waves can
be derived from a microscopic theory such as this as opposed to the
favored macroscopic approach.

This, however, is the conventional theory. The preceding analysis
has indicated the following addition: that besides being responsible for
all the previously mentioned phenomena, the electrons also oscillate co-
herently at the cyclotron frequency. In terms of the previous argument,
we infer the radiation of a second sub-wave at the cyclotron frequency which
may differ considerably in phase and polarization from the signal wave.

This wave then propagates according to the previous arguments, obediently

generating its own set of sub-waves.

1.3 Characteristics of Hybrid Wave Propagation

We therefore suspect that there may exist a radiation at the
cyclotron frequency from a plasma excited by a signal wave. To determine
its characteristics requires the rigorous solution of the collisionless

equation of motion for the electrons together with Maxwell's equations

°

é(jk E/;J - — s /_)[(.
€k "L/Ie.J :b‘ — '\/4“;

The results already obtained for the electron velocity, Jr B

lead us to seek solutions of the form

é—_ = ‘“"T-f-E. et

k

%9/ . st *qu «nt
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with the implicit requirements that the field vectors are not functions
of time. The dispersion relation for the Hybrid (or "H") wave can then

3

be shown to be
+ . ( ~
Ne -S«A_z<é>ﬂfw7*} $7-2 - S'A‘léa—)'+’4-7-ﬁ‘ (T+2=o0

where
Mg 1is the refractive index of the plasma for the H wave.

6 is the angle between the direction of propagation and the
magnetic field.

X
f7‘:= ZW/‘

It is interesting to note that this approach to the problem
in no way challenges the current theory of signal wave propagation in
magnetoplasmas. The dispersion relation obtained for the wave of frequency
W is identical with the result obtained conventionally.

A possibly significant aspect of the phenomenon becomes apparent
when the energy balance between the H and signal waves 1s examined. If we
denote the ratio of H-wave power to signal frequency power as u, we find

tha‘t‘,lL

S

_ X
ane (,,‘}_,) Y (Y1)

where the positive sign is taken if the signal wave is left hand circularly
polarized in the xl—x2 plane, and the negative sign applies if the wave is
right hand polarized in the same plane.

The interesting point in this discussion is that for this right

hand circularly polarized component of the signal wave, p exhibits a pole

at Y = 1. Thus the H wave principle would appear to indicate a possibly



significant deterioration of the propagating characteristics of a magneto-

plasma in the vicinity of cyclotron resonance.

1.4 Experimental Analysis

An experiment is presently being prepared to study this theory.

The objectives are

1. To observe and study the characteristics of H wave
propagation.

2. To determine the effects of electron-neutral collisions.

3. To study the transmission pfoperties of a magnetoplasma
in the vicinity of cyclotron resonance.

The experiment will be performed in a guided wave configuration
at X-band frequencies. The plasma diagnosis and transmission measurements
will be accomplished by the poiarization techniques developed in this lab-
oratory by Dr. R. E. Haskell.5 The experiment can be performed with an
available magnetic field ranging in strength from several hundred to ten

thousand gauss.
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2. Basic Plasma Processes

2.1 Afterglow Studies in Nitrogen; Summary

Following initial measurements of electron loss coefficients in
the nitrogen afterglow (reported in the previous progress report), several
questions remained unanswered. During the past six months, attempts to
answer some of these questions were made, and the experiments were extended
to include measurements of electron collision cross-sections.

During the initial measurements mentioned above, the electron
temperature was found to increase after the removal of the source of ioni-
zation. The increase in electron temperature was attributed to the presence
of metastable molecules, which through metastable-metastable collisions
would produce hot electrons. 1In order to investigate the dense early after-
glow, a method of measurement based on the complex reflection coefficient
of a plasma-air boundary was developed and is discussed below.

The availability of the gated microwave radiometer to measure elec-
tron energy has led to an attempt to measure the electron collision cross-
section as a function of energy in the afterglow. The collision cross-section
is obtained from attenuation and phase shift measurements of a microwave
signal passing through the plasma while the energy is being measured by the
gated microwave radiometer. Some improvements to the radiometer are mentioned
in a later section.

2.2 Reflection Measurements

In the early afterglow where the electron density is high, a micro-
wave signal transmitted through the plasma is severely attenuated so that
little information is obtained. In order to overcome this difficulty, the

reflected signal from the plasma was monitored. The spatial electron density
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distribution was assumed uniform since recombination is the predominant loss
mechanism in the early afterglow and plane boundaries are assumed. The con-
figuration then becomes the one indicated in figure 1. The total complex

reflection coefficient from this configuration is

| - €
= e > 2L

where P is the complex reflection coefficient for the first plane boundary
and Qﬁ_ is the complex propagation constant of the plasma-filled portion of
waveguide. The conductivity of the plasma was taken from the model of a weakly

ionized gas to be

5= = Ne Zl- vV ~—’% G/ >
F m DT+ W

where 1) is the effective collision frequency for momentum transfer. Measure-
ment of the complex reflection coefficient determines O;, thus the electron
density and collision frequency are obtained. Results of measurements of elec-
tron density by this method in nitrogen are shown in figure 2.

The electron density does not show & perceptible rise. The energy
imparted to the plasma during each breakdown pulse was approximately 10
millijoules. With increased energy plasmas, the metastable population might
increase to the point where metastable-metastable collisions would increase
the electron density in the early afterglow. A technical difficulty encoun-
tered here is that the hollow cathode waveguide plasma cell requires a positive
breakdown pulse (so that the entire waveguide circuit remains at ground po-

tential). The present method of pulse generation is to invert the negative



AIR PLASMA CELL ATR o~
EI’Ef w'“°)€o U,,ua, €o, OT: wiﬂﬂeo
(1) b= L > (2)
Figure 1

Propagation of Electromagnetic Waves in a Plasma Cell.
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Electron Density in the Early Afterglow of Nitrogen.
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output of a hard tube pulser with a pulse transformer. Since practical
limitations are placed on the product of current-time passed through the
pulse transformer a positive pulse generator with improved current capa-
bility is being developed.

2.3 Gated Microwave Radiometer

The gated microwave radiometer has been successful in the measure-
ment of electron temperature variations in the afterglow. Some modifications
to the original model have been made to increase the usefulness of the de-
vice. A new I.F. amplifier with a 20 megacycle bandwidth has been designed
with a resultant gain in sensitivity of a factor of VE; . The phase detector
and DC amplifier chassis have been redesigned for increased stability, and
a decrease in output drift has been obtained. The timing circuits in the
original model consisted of various commercial pulse generators and delay
networks. All timing elements have now been redesigned and constructed in
one transistorized chassis.

2.4 Mass Spectrometer

After a break during the summer months the time-of-flight mass spec-

trometer proJject has been reactivated.

PR
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3. Electron Beam-Plasma Interaction.

3-1 Summary

Following the sub-threshold result reported in the previous status
report an analysis has been made of the harmonic content of the Linac beam.
This analysis confirms the previous assumption that there is substantial power
in the sixteenth harmonic at 20.8 kmec.

Theoretical considerations have also been derived from a different
point of view.

Both of these developments will be reported briefly here. A fullér
report will be prepared separately. The conclusion of the experiment is that
the plasma phenomena stimulated in previous experiments of this type were
insignificant in our experiment and that the anticipated mechanism of energy

leakage from the plasma is a very weak coupling effect.

3.2 The Calculation of the 16th Harmonic of the Linac Beam

3.2.1 Harmonic Analysis of the Linac Beam

The periodic nature of the density of the electron bunches from the
Linac beam enables an analysis in terms of Fourier components to be conven-

lently made.

Thus:
o (z-ut)= 2 > I ex;{ (z ur)j
Tatu |
. Nz —c0
where, Linac operating frequency wi =20 x 1.3 x 109 per sec.
Iinac electron speed u = 3 x 108 m/sec.

the beam moves in the Z direction.



The beam charge density E) is therefore a function of z-u,t'

q is the total charge in a bunch.
The harmonic frequencies QN = N &i

. . 2
The cross-sectional area of a bunch is ma

The periodic time between bunches, T = 2n/wL

The factor ——%—— is, therefore, the average charge density per cycle.

wta uT

It can be shown that

T = Cn /2Co

where,
.
Cn = | polt) {x/:[iw~(‘:] dt
and,
r
G =+ ] e(t)dt

3.2.2 The Acceleration of Electrons in the Linear Accelerator

16

Acceleration occurs in a series of nine identical microwave cavities,

which are excited by high power klystrons. If the phase relationship between
cavities is properly adjusted, a wave will propagate down the accelerator with

the speed of light. This wave is known as the synchronous wave because elec-

trons traveling down the accelerator with speeds close to 3 x lOl'O
tain an almost constant phase relationship with the wave.

The electrons are injected with an energy of 100 kev.
pressed into bunches by the klystron-like section of a buncher cavity.
they enter the first rf cavity, in which their energy is increased to several

Mev. Upon leaving the first cavity the electrons are traveling at very close

They are com-

Then

cm/sec main-
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to the speed of light and are almost synchronous with the accelerating wave.

The extent to which the electrons lag in phase behind the synchronous

wave can be shown to be given by

A - -—wg2a(L - L >
c W, We
where ZMb is the phase difference in degrees
W is the frequency of the wave

¢ 1s the speed of light

wi, W_ are the initial and final electron energies when the elec-

f

tron travels a certain distance in the accelerator. The following table is

calculated from equation 2.

Initial energy Final energy Phase lag
Mev Mev o)

3 > 1.07

5 10 0.82

10 15 0.28

15 20 0.13

20 25 0.08

Thus the phase lag above 3 Mev can be neglected.

The total energy of an electron emerging from the Linac is
the sum of the energy which it acquired before achieving synchronism (3 Mev)
plus the integral of force times distance in the remainder of the accelerator.
The electrons which are accelerated in the machine are typically disposed in
phase as shown in figure 3 and do not in consequence all acquire the same

energy. In fact the foremost electrons (¢=¢l) are the least energetic.
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3.2.3 The Distribution of Electrons in a Bunch

The energy spectrum of electrons is measured with a magnetic
analyser. Three steps are necessary to convert the raw data into a plot
of the electron density as a function of position.

Because of the physical principal of the analysis the graph of
the current collected by the Faraday cup as a function of the magnetic
field strength is a distorted form of the energy spectrum. This must be
corrected first.

In the second step we convert the graph to one showing the phase
distribution of the electrons and thirdly we convert to a distribution of
charge as a function of position. This has been done for L4 representative
sets of analyser data.

For each set of data a Fourier analysis has been performed for

the first 32 harmonics.

3.2.4 The Sixteenth Harmonic at 20.8 Kilomegacycles

The values of 3Z6 (equation 1) for the four cases are 0.31,
0.35, 0.30 and 0.39. Thus the Linac beam can be said to have a substantial
sixteenth harmonic content.

The distributions were calculated on the assumption that electrons
become synchronous with the wave at 3 Mev. Slightly larger or smaller
values might have been used and would have resulted in slightly different
values of 326

The Linac beam charge density for the sixteenth harmonic is

o = —E— 7 @‘F[f%(z—ut>:}

Tar T
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This is the average density. The beam is actually densest on its axis. The
density on the axis is approximately twice the average density. When the

peak beam current is 0.3 A the charge per bunch is

0.3 A

5 = 2.3x lOlo coulomb
1.3 x 107/sec

Also
=0
e 3

Ta?r =2x 104

wb = 0.23m
so that

e = 1.5 x 10‘6 coul o Q_a,

" 3

m

3.3 Theoretical Considerations

3.3.1 Calculation of the Power Extracted from the Beam in Steady State

We can show that the dielectric coefficient of the plasma, Er , can

be written in the form

£= 2Aw 4 o N 3
P “p
where Aow=0-w
D

® is the frequency of the sixteenth harmonic

wp is the plasma frequency

~ is the electron collision freguency
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Also we can show that
Ux H = - twgey B+ e w

where E, H are the fields associated with the plasma oscillations

; 6) is the charge density in the beam
| -
\ AU

is the beam velocity

Equation 4 can be written as

E | VxH + L— Qu 5

- o —
—wE, e (wé &,

The first term on the right-hand side is the contribution to the
electric field due tc the curl of the magnetic field set up by the beam. To
solve for this term would involve setting up the boundary value problem for
the electric and magnetic fields stimulated by a beam traversing a non-uniform
plasma, a problem which would be very difficult. The second term, however,
depends on the beam charge density and the plasma density where the beam passes
through the plasma. Considering only the second term, which will be calledi

/
E , equation 5 becomes

- , ;J— ¢
LW&€.¢ Clwé“e-r

rmy
|

e
<
il

When the Linac beam is turned on it sets up plasma electron oscilla-
tions. These are the superposition of two oscillations at pure frequencies;
there is a damped transient oscillation at the plasma frequency and a forced

oscillation at the sixteenth harmonic frequency.
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Now the collision frequency is in the order of 0.3 Mc - 1.0 Me.

The transient coscillations at the plasma frequency that occur when the Linac
beam is turned on will persist for several periods of collision, so that

the time required for the establishment of the steady state is of the order

Since the length of an electron burst from the Linac is

of 3-10 usec.
only 0.1 usec, it is not expected that the steady state will be established
Nevertheless, the steady state behavior can be calculated

in this short time.
as a limiting example of what might occur if the beam were left on long

enough.
In the steady state the average power delivered by the beam to the

—J

plasma is given bty

TD = éz ?&uz/?%rrt' ér, j.¥'CJV’

where the integral is taken over the interaction region, i.e., the region
The length of this region is the length of the vessel,

traversed by the beam.

28 cm, and the diameter of this (cylindrical) region is the diameter of the

beam, 1.6 cm, for a total volume of 50 cm3. Within this region the integrand

is a function of position. Firstly, the current density of the Linac beam

is a decreasing function of distance from the axis. Secondly, the plasma fre-
is

quency is a decreasing function of distance from the axis, so that Elr

not uniform.
Substituting equation 3 in equation 6 gives

E = [ —J— =
\.) -+-28Aw Eo \]1*4(AUJ
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sc that
P
Elr - -V 2cdw |f] g
N+ 4 (dw)r &
and
v |2
=/ - ;N XA -9
2 [ J ] 2 QL+4‘<AW)Z go
The integrand of equation 7 has its largest value where dw =0
L R l?-«t‘[E' i c 4 il” /0
—_— eal lev . = T e - - -
2 d dpeak 2 Vg
Numerically,
: -6 8
=1.5x 10 " coul x 3x10  m = 450 A
I‘JQV! m3 sec m2
—_ /]
6
N = 0.3x 10 /sec
and
lReal?cuL{E,fI*] = L x lOlO watts ___ 12
2 3
m

An upper limit to the total power yielded by the beam can be found by multiply-
ing this figure by the volume of the interaction region, 5 x lO—5 m3, to give

6
2 x 10 watts. Because the plasma is so non-uniform in the interaction region

the maximum value of the integrand can only be attained in a very small sub-
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region of the whole interaction region. For instance, the numerical value

of the integrand may range between 4 x lOu and 4 x lOlo

wa’cts/m3 (for Aw/Z‘lT
= 20 Mc and O Mc, respectively) within the interaction region, so the actual
povwer extracted from the beam by the plasma is probably closer to 2 watts
than 2 Mw.

Notice that the power figures depend upon two conditions which are

not experimentally controllable, the plasma frequency and the non-uniformity

of the plasma.

3.3.2 Calculation of the Energy Stored in the Electric Fields.

Transient Behavior.

In the previous section it was shown that in the steady state the
veam would have to furnish several kilowatts of power to maintain the plasma
oscillations. This was done to show that the plasma is capable of extracting
considerable power from the beam. This sort of estimate was partially re-
sponsible for our undertaking this experiment.

Since the beam actually is fired in 0.1 usec bursts, it is perhaps
better to inguire how much energy is stored in the oscillating fields during
the transient response to a burst of electrons.

The energy stored in the electric fields is

£ = JiE,, Elc(v

Consider the transient behavior of the field during the 0.1 usec
that the beam is turned on. Unless the beam-plasma system is so close to
resonance that the collisions limit the fields, it will not matter if the
collision frequency is assumed equal to zero. This is a convenience that

allows the transient behavior to be found by applying a simple, tabulated
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Laplace transform to the steady state solution of equation 6.
To commence the Laplace transformation, write S=(w ,» and equa-

tion é becomes

— | ! s )
Tr 31::&)} = c o f ngp(nr,t)f -3
where
tl = t - Z/LL
If
p(ﬁ-,t') =0 £ 0
=6 (Y)S'»"w't) £'>0
Then
” { P(tt')f = P _ -4
s”+<w97‘
and
T E;(t']% = 4% plv)_s w’ 5
£o suw; Sz+@)r)z
Finally,
— 1 ! )
E, (k') = © L'« 0

I

" Lol s, Wk ¢ g /6
o W+ n dwe | -2
Geo O o el e o]

!

¢t >0
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/
Besides oscillating at a frequency which is average of EZ and & ,
27 21

the electric field beats with a frequency Aw . 1f dw = 20 Mcs on the axis

Pl P

2.1 2T
of the vessel, then during a 0.1 usec burst of electrons from the Linac the
electric field there will beat once. However, the fields off the axis will
be beating at slightly different frequencies, depending on the local value
of 0%,. Furthermore, the intensity of the fields varies with position in

o ' e o .

the vessel, since ’E;Z depends on /2. . That is, since the density of the
'

Linac beam, 6> , falls off radially, the electric field is apt to be weak

near the outer edge of the beam. And because E¢. depends on 6%5 , 1t is a

function of radial position.

When the 0.1 psec burst of Linac electrons ends, the plasma elec-
trons continue to oscillate for a while at the plasma frequency, so that the
electric field does not disappear immediately. The oscillations are eventu-
ally damped out, either because of collisions between plasma electrons and gas

molecules, or because of the decay of the plasma density.

The amplitude of the electric field is

J
Pl fe,w T
Suppose &2 = 20.400 kMc and ip = 20.380 kMc. Then £

a1 27
which means that the field in plasma is 2000 times higher than the field in

it

264 - 2x 103,
£

free space.
For the sixteenth harmonic E% = 1.5 x 10-6 coulomb/m3. Then the

amplitude is

Ez’ - 8 x 10 v/m. ¥
anpl
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Wnen the field strength according to equation /¥, is 8 x lOLL v/m
the energy density is 0.03 joules/m3. This energy density is not uniform
throughout the beam-plasma interaction region, however, because the plasma
density varies within the region. This variation of plasma density has two
effects: Firstly, the electric field beats with different frequencies at

different distances from the axis. When the electric field on the axis is

peaking, the field may be going through zero only a millimeter away. Secondly,
the electric field is most intense where the plasma frequency is closest to
the sixteenth beam harmonic. The eléctron density of the plasma is diffusion

controlled so that
; o (1) = (m)aw‘s Js <%z_41j -7

Near the axis,

(

0 (1) = (Mo)aie (1 = 22) 20

78

W) = (w;lu s %.Z (L% z)cw P -~ -2
z 2

) = (e, 7 (25),

yYSUR

- (24 e

(’ axis * ’15:
Suppose the plasme frequency on the axis were 20 Mcs greater than
the sixteenth hsrmonic. Then, on the axis, 22*,: 2 X 10—3. But, according
to equation 22, the dielectric constant increases radially. This means that

the electric field is most intense near the axis, and the energy density is
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greatest there. Only 0.27 cm away from the axis the dielectric coefficient
increases to 2 x 10-2, causing the peak energy density to decrease by l/lOO.

On the other hand, suppose the plasmas frequency on the axis were
20 Mcs smaller than the sixteenth harmonic. Then, on the axis, éaf = -2 X 10-3.
The dielectric coefficient would increase to zero only 0.03 cm away from the
axis, in the absence of collisions. The fields cannot actually go to infin-
ity 0.03 cm from the axis because they are limited by % collisional damping,
b) the breakdown of linearity, c¢) lack of sufficient time for the fields to
build up to a high value.

The two cases above are examples of the approach to resonance that
can be achieved with the time delay circult which we have used in our

experiment. The latter case is more favorable to the stimulation of

plasma electron oscillations, because & small part of the interaction region
is much closer to resonance than 20 Mc. There are other conditions possible.
For instance, there may be annular parts of the interaction region that are
20 Mc from resconance. The energy stored in the fields during the passage of
the beam connot be predicted with great precision because there is no way to
i assure that any given set of conditions will occur. A calculation of the stored
i energy is further complicated by the fact that the electric field beats with
} different beat frequencies at different distances from the axis. This means
that when the electric energy density is peaking at one point, it may be going
through a minimum at a nearby point.

A typical value of the energy density is the value when.%l-'F% = 20 Mc,
i.e., 3 x 10_2 joules/m3. The interaction volume is 5 x 10_5 m3. The total

, energy stored in the interaction region is expected to be several orders of

magnitude above or below
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3 X 10_2 joules/m3 X 5x 10-5 m3 = 10_6 Joules.

After the 0.1 psec burst of electrons has been turned off, most
of the stored energy will be dissipated in collisions between oscillating
electrons and argon molecules, but some of it is expected to leak out of
the vessel. The energy will be dissipated in the time it takes the elec-
trons to make several collisions, a time in the order of 10 usec. The
average rate of dissipation is then 0.1 watts. Only a small fraction of
this need lesk out to be detected by a sensitive receiver, provided it is
not smeared out too thinly over the K-band spectrum.

The electrons oscillating in various parts of the interaction
region will do so with different frequencies, because of the non-uniformity
of the plasma frequency. According to equaticwlaJ, the plasma frequency at
the boundary will be about 5% lower (1 kMc) than the plasma frequency on
the axis. Furthermore, while the oscillations are damping out, the plasma
density continues to decay, changing the plasma frequency at every point in
the vessel. Consequently, it is expected that any radiation reaching a
receiver outside the vessel will be spread over a broad frequency range.

Suppose that radiation emerged from the vessel at one-millionth

of the dissipation ratio. Then the radiated power level might be ]_O_7

watts,
based on the estimate above. Suppose that this is uniformly spread over the
spectrum with a density of 10-7 watts/kMc because of the 1 kMc distribution

of plasma frequencies in the interaction region.

The receiver can respond to radiation that is within its two 8 Mes

rassbands. (One band is 30 Mc above the intermediate frequency, and the other

is 30 Mc below.) So, the level of radiated power that can be detected is 10~

9

watts x 16 Mc/1000 Mc = 2 x 10 ° watts. Since the antenns can intercept only

7
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l/SO of the radiation emerging from the vessel, the detectable radiation
is further reduced to L4 x lO-ll watts, which is somewhat larger than the
sensitivity of the receiver 2.5 x lO_ll watts.

S0, whether the radiation will be detected depends upon what
fraction of the stored energy escapes from the vessel, the rate at which
it escapes, and how thinly it is smeared over the spectrum. This experi-

ment was undertaken to determine whether the radiation could be found.

1

4. Disbursement of Funds

A separate financial report is submitted by the Comptroller.
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Personnel
Name Position Percent Time
l* 2* 3*
E. H. Holt Professor 50 75 50
Senior Investigator
K. C. Stotz Assistant Professor (50) 100 25
Assistant Investigator
W. C. Taft Instructor 25 75 terminated Aug 30
R. E. Browne Research Assistant 100 75 terminated Sept 13
J. 5. Mendell Graduate Assistant 50 100  terminated July 12
R. E. Haskell Graduate Assistant (50) 100 terminated Sept 30
D. A. Huchital Graduate Student - (100) (20)
W. C. Schwartz Graduate Student (20) terminated June 7
P. N. Y. Pan Graduate Student - - 30
J. Carroll Undergraduate Student - - 20
R. L. Donnerstein Undergraduate Student - - (15)
L. E. Miller Undergraduate Student - - (15)
G. M. Mueller Undergraduate Student - - (15)
J. H. Zablotney Undergraduate Student - - (15)
Support Personnel
H. Struss Research Assistant 50 25 25
(model shop)
J. Wright Electronic Technician 50 50 100
R. M. Quinn Student Technician 25 - 10
C. V. Bhimani Student Technician - 100 20
Mrs. M. Santerre Typist 75 75 25

May 1 - June 7, 1963, Academic year 1962-63.

*

2. June 10 - September 13, 1963, Summer 1963.

*
3. September 16 - October 31, 1963, Academic year 1963-6h.

Note.

Figures in brackets indicate participation in the research without charge
to the grant.



6. Program for the Period November 1, 1963 - April 30, 1964

Studies of electromagnetic wave propagation in magnetoplasmas
will be made in a guided wave configuration. Measurements of basic plasma
processes will be made in a waveguide cell of simplified construction, the
original cell being in need of replacement. Work on the positive pulser
and the mass spectrometer will continue.

No further work on the electron-beam plasma interaction is planned

for this period.
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